Abstract: A series of experiments have been undertaken to determine the effect of water extracts from pine bark (Pinus radiata) on the inhibition of the sporulation of oocysts of three species of avian coccidia. Tubes containing coccidian oocysts isolated from droppings of coccidia-infected chickens were randomly assigned to 0, 250, 500 and 1000 μg/ml pine bark extract (PBE). The tubes were incubated at 25-29 o C for 48 h depending on the species of Eimeria. Sporulation inhibition bioassay was used to evaluate the activity of PBE on the sporulation of coccidian oocysts. The oocysts were gently aerated with an air pump away from sun light. The results show for the fi rst time that water-soluble extracts from pine bark containing 35% condensed tannins have anticoccidial activity as evidenced by their ability to decrease signifi cantly the sporulation of the oocysts of three species of Eimeria, namely Eimeria tenella (Railliet et Lucet, 1891), E. maxima Tyzzer, 1929 and E. acervulina Tyzzer, 1929, under laboratory conditions. Incubation of unsporulated oocysts of these parasites in water containing 500 μg PBE per ml resulted in inhibition of sporulation of these oocysts by about 28-84% relative to the oocysts in the control incubations. In addition, up to 12% of E. maxima oocysts exposed to 500-1000 μg pine bark/ml were containing abnormal sporocysts in terms of size, number and shape.
Coccidiosis is the major parasitic disease of poultry. It is considered to be one of the most economically important diseases of domestic poultry throughout the world (Allen and Fetterer 2002) . Avian coccidiosis is a very harmful disease in the poultry industry of many countries. This disease costs the US poultry industry, for example, more than $1.5 billion in annual losses .
The effective use of anticoccidial drugs over the past 50 years has, in part, provided the basis for the rapid growth of the poultry industry and the increased availability of high quality, affordable poultry products to the consumers. However, the increasing resistance of avian coccidia to currently used anticoccidial drugs (Williams 2006) , coupled with the increasing costs of developing new drugs and the public's distrust of drug-treated meat demonstrate the urgent need to explore alternative methods of controlling this disease.
It seems that avian coccidial parasites (Eimeria spp.) are highly immunogenic as the primary infections can stimulate solid immunity to homologous challenges (Allen and Fetterer 2002) . Some studies suggest that vaccines could offer excellent alternative strategies to drugs for controlling coccidiosis . Several vaccines, especially those based on live and attenuated strains of coccidians have been marketed (Allen and Fetterer 2002, Waldenstedt 2003) .
Pinus radiata D. Don (Coniferopsida: Pinaceae), also known as Monterey pine and commonly referred to as radiata pine, is native to the coast of southern California, USA and Mexico (Millar 1999) . In some countries including New Zealand, Australia, Chile and South Africa, radiata pine is grown extensively as an exotic timber species (Scott 1960) . Moreover, P. radiata is grown in northern hemisphere countries including Spain, Portugal, Greece, Turkey, Italy, and Russia (Scott 1960) . Pine bark extract (PBE) is a unique mixture of fl avonoids, which comprises 8% (w/w) of fl avonoid monomers and 85% (w/w) of condensed tannins (procyanidins) (Rice-Evans et al. 1996) . Phenolic contents of pine bark are catechin, epicatechin, quercetin, dihydroquercetin, taxifolin, phenolic acids, and procyanidin dimers, trimers, oligomers, and polymers formed from catechin and epicatechin (Porter 1974 , Packer et al. 1999 . Pine bark extract has been used in traditional medicine in Europe and North America for long time for many diseases and illnesses (Packer et al. 1999) . Kim et al. (2004) reported that pine bark extracts have high inhibition activity against several carbohydrate-hydrolyzing enzymes. Recently, Kim et al. (2005) investigated the inhibitory effect of PBE on carbohydrate-hydrolyzing enzymes and the hypoglycaemic effect in diabetic mice. The authors found that PBE showed inhibitory effect against salivary α-amylase and yeast α-glucosidase. Furthermore, in animal experiments PBE effectively suppressed the increase of postprandial blood glucose level by delaying absorption of diet, and body weights. More recently, Ahn et al. (2007) reported that pine bark extract (Pycnogenol) effectively reduced the number of pathogens and retarded the formation of thiobarbituric acid-related substances in raw beef.
This study is a part of a programme aiming to fi nd alternative strategies to treat coccidiosis in chicken using polyphenols-containing forages and medicinal plants. The potential of using pine bark in livestock management is, however, not documented. The objective of this study was to measure the effects of Pinus radiata bark extract on the sporulation of the oocysts of three species of Eimeria, E. tenella (Railliet et Lucet, 1891) , E. maxima Tyzzer, 1929 and E. acervulina Tyzzer, 1929 .
MATERIALS AND METHODS
Preparation of pine bark extract and measurement of condensed tannins (CT). Pinus radiata bark was obtained from 7-10 year old trees grown in Manawatu area, New Zealand. The bark was fed through a wood chipper two times, and then ground in a Wiley TM mill through a 2-mm mesh. The ground bark was further reduced in size in a Cyclotech (Foss Tecator TM ) rotary grinder to yield a fi ne powder. The fi nely ground bark was mixed with boiling water in a 1:10 ratio, stirred at 3-5 min intervals for approximately 20 min, and poured through a double layer of cheesecloth to remove particulate matter. This process was carried out with 500 g of powder made up to 5 litres with water to yield about 3.5 litres of liquid containing the condensed tannins (CT). Approximately 1.5 kg of pine bark was extracted to yield approximately 10 litres of solution for freeze drying.
The solution obtained was frozen in plastic bags placed in shallow trays (5520 cm) to create 1 cm thick layers for freeze drying. Approximately 200 g of powder was produced, which contained 35% condensed tannin, of which 31% was free, 3.5% was protein-bound and 0.5% was fi bre-bound. The method used to measure the concentration of CT in the PBE was the acetonebutanol method, as described by Terrill et al. (1992) . The freezedried extract was re-dissolved in distilled water to give the required concentrations. The solution was stirred on a hotplate at 60 °C for one hour, and centrifuged at 400 × g for 10 minutes to remove small quantities of insoluble material prior to use of PBE for assays.
Experimental design and sporulation inhibition assay.
The faecal samples collected from chickens infected experimentally with pure oocysts of each species of Eimeria were obtained from Avivet Ltd, Palmerston North, New Zealand. The samples were brought to the laboratory in a 50-ml centrifuge tubes containing 2% (w/v) potassium dichromate to prevent bacterial degradation of oocysts during transportation. The samples were processed as described by Taylor et al. (1995) with some modifi cations. Briefl y, a 2-g faecal sample was transferred from the centrifuge tube into a glass beaker and mixed with 1 ml of 2% (w/v) potassium dichromate, before adding 41 ml of water. The mixture was vortexed for 1 min and the resulting suspension was strained through double-layered cheesecloth into a beaker. The fi ltrate was thoroughly mixed before transferring 5 ml to a centrifuge tube and then centrifuged for 5 min at 1000 × g. After removing the supernatant, the pellet was re-suspended in 5 ml of saturated salt solution. After vortexing for 1 min, a subsample was transferred into a McMaster chamber, using a disposable plastic pipette. The tube was vortexed again before the second chamber of the McMaster slide was fi lled with a second sub-sample. The preparation was left for 5 min before counting, allowing the oocysts to fl oat up. All the oocysts under the grid of each chamber in the McMaster slide were counted using ×10 objectives and the mean of the two counts was calculated. This process was repeated twice and a count of one oocyst was equivalent to 300 (45 ml -the total volume of the original suspension of faeces/0.15 ml -the volume of the sample examined) oocysts/sample (Taylor et al. 1995 , Haug et al. 2006 ). The number of unsporulated oocysts in the original aqueous suspension of faeces was adjusted to one million oocysts per ml.
Oocysts of each strain of Eimeria were exposed to four concentrations of PBE (w/v; 0, 250, 500, and 1000 μg/ml). Three replications were made for each concentration and the whole experiment was repeated to confi rm the results. An in vitro assay was used to evaluate the effect of PBE on the sporulation of coccidian oocysts. In this assay, the unsporulated oocysts were incubated with PBE for 48 h at 25-29 °C depending on the species of Eimeria, using water baths to maintain constant temperature. The oocysts were gently aerated with an air pump away from sun light. At the end of the incubation, the sporulated oocysts were washed twice in tap water and stored at 4 °C until being counted. The number of sporulated and non-sporulated oocysts was counted and the percent sporulation was estimated by counting the number of sporulated oocysts in a total of 100 oocysts. In addition, the numbers of sporocysts within each sporulated oocyst of E. maxima were counted and the numbers of abnormal (in terms of shape and size) sporocysts were counted. The oocysts with 4 sporocysts were considered sporulated regardless the shape and size of the sporocysts. The oocysts were slightly fl attened under the pressure of a cover slip to better illustrate morphology. Oocysts and sporocysts were viewed using phase contrast microscopy.
Statistical analysis. Data are presented as the mean ± S.E.M.
A t-test or one-way ANOVA, followed by Tukey's test, was used to detect signifi cance among groups. P<0.05 was considered to be statistically signifi cant.
RESULTS
It can be seen from Fig. 1A that about 80% of the oocysts of E. tenella managed to sporulate in the control incubations containing oocysts and tap water whereas in incubations containing 250, 500 and 1000 μg/ml of PBE only 42.6%, 24.5% and 10.9% of the oocysts were able to sporulate (signifi cant decrease when compared to control incubation; P < 0.0001 for all concentrations), respectively. This corresponds to 46.8%, 69.4% and 86.4% inhibition in sporulation relative to control incubations without PBE (Fig. 1B) , respectively. In addition, some PBEtreated oocysts were containing abnormal sporocysts as evidenced by their abnormal sizes and shapes (data not shown) in comparison to those obtained from control incubations.
In control incubations containing E. acervulina unsporulated oocysts, 83% of these oocysts were able to sporulate (Fig. 1A) . In incubations containing 250, 500 and 1000 μg PBE/ml, 37.1%, 27.7% and 15.4% (significant decrease when compared to control incubation; P < 0.0001) of the oocysts were able to sporulate, respectively. Results shown in Fig. 1B revealed that pine bark treatment at concentrations of 250, 500 and 1000 μg/ml resulted in 55.3%, 66.6% and 81.4% reduction in sporulation relative to the control incubation.
In another experiment the effi cacy of the water extract from pine bark against the oocysts of E. maxima was investigated and the results are presented in Figs. 1 and 2 . In control incubation, 85.5% of the oocysts reached full sporulation whereas in incubations containing 250, 500 and 1000 μg/ml of PBE, 59.5%, 38.5% and 19.5% (P < 0.0001 relative to control incubation) of the oocysts were able to sporulate, respectively (Fig. 1A) . Accordingly, the exposure of the oocysts of E. maxima to 250, 500 and 1000 μg/ml of PBE resulted in 30.4%, 54.9% and 77.2% reduction in sporulation when compared to the oocysts in the negative control incubation, respectively (Fig. 1B) . It is important to mention that E. maxima oocysts were signifi cantly more resistant to the inhibitory action of PBE than the oocysts of E. tenella and E. acervulina.
The photomicrographs of unsporulated oocysts of E. maxima treated for 48 h with 500 or 1000 μg PBE/ml and with water are shown in Fig. 2 . A normal, but slightly fl attened, sporulated oocyst of E. maxima containing four normal sporocysts is shown in Fig. 2A . Up to 12% of the oocysts exposed to 500 or 1000 μg PBE/ml exhibited aberrant sporocysts (Fig. 2B-F) . Some oocysts were seen with two (Fig. 2B) , three (Fig. 2C, D) , four abnormal sporocysts (Fig. 2E) or even more than four sporocysts (Fig. 2F) . Although the PBE-treated oocysts retained their outer shapes, their sporonts were contorted into abMolan et al.: Anticoccidial activity of pine bark extracts Fig. 1 . Percentage sporulation (A) and % inhibition of sporulation (B) of Eimeria tenella, E. acervulina and E. maxima oocysts recovered from incubations containing water only (control) or different concentrations of pine bark extract. Results are the mean ± S.E.M. of two independent experiments of triplicate incubations. ***P<0.0001, level of signifi cance of the inhibitory effect of treated oocysts as compared with that of the untreated oocysts.
Fig. 2. Photomicrographs of oocysts of Eimeria maxima.
A -a typical sporulated oocyst from control incubation containing water only; B-F -abnormal oocysts from incubations containing 500 and 1000 μg pine bark extract (PBE)/ml. Oocysts were incubated for 48 h in the presence or absence of PBE and were viewed under bright fi eld microscopy. Exposure to PBE caused changes in sporocyst numbers, size and morphology. (Note: Oocysts are slightly fl attened to better illustrate morphology.) Scale bar (A-F) = 20 μm.
normal shapes (Fig. 2B-F) . No abnormal sporocysts were observed inside the oocysts recovered from incubations containing 250 μg PBE/ml or those recovered from the control incubations.
DISCUSSION
The results show for the fi rst time that water-soluble extracts from pine bark (PBE) containing 35% condensed tannins have anticoccidial activity as evidenced by their ability to decrease signifi cantly the sporulation of the oocysts of three species of Eimeria, namely E. tenella, E. maxima and E. acervulina, under laboratory conditions. These results are of a major importance as contamination of poultry houses with coccidian oocysts is very difficult to control (Ryley 1980 ) and all attempts to eradicate infections with Eimeria spp. have failed and hence the negative effects of this parasitic infection persist (Graat et al. 1994 ). An important factor in the epidemiology of coccidia is the survival of oocysts, which constitute the reservoir of infection. Infection occurs only when chickens ingest sporulated oocysts and infected birds excrete oocysts with their faeces, of which a number will sporulate. Subsequently, a number of sporulated oocysts are ingested by the same or other chickens, hereby spreading the infection. Some studies have indicated that E. tenella oocysts can survive in soil for up to 9 months (Marion and Wehr 1949) . Hur et al. (2005) studied the effects of CT-containing plants on the coccidian infection in goats and found that feeding fresh pine needles and dry oak leaves in combination with lucerne chaff had rapid anticoccidial activities in goats as demonstrated by a sharp decrease in oocyst production. Recently, Jang et al. (2007) studied the anticoccidial effects of green tea-based diets in chickens following oral infection with E. maxima and found that the green tea-fed chicken produced signifi cantly reduced faecal oocysts when compared to the E. maxima-infected group fed standard diet. More recently, Molan and Thomas (2007) studied the effects of aqueous extracts from green tea on the sporulation of E. tenella, E. acervulina and E. maxima and found that addition of 10% and 25% (v/v) of tea extracts to the incubations containing unsporulated oocysts resulted in a signifi cant reduction in sporulation rate. In addition, up to 30% of the oocysts recovered from incubations containing 25% of tea extract were with abnormal sporocysts.
The present study showed that E. maxima oocysts were signifi cantly more resistant to the inhibitory action of PBE than the oocysts of E. tenella and E. acervulina. Similarly, Molan and Thomas (2007) reported that the oocysts of E. maxima were more resistant to the action of green tea extract than the oocysts of E. tenella and E. acervulina.
Since CT have been shown to inhibit endogenous enzyme activities (Oh and Hoff 1986, Horigome et al. 1988) , then it is possible that the CT from pine bark reduced the proportion of sporulation by inhibiting or inactivating the enzymes responsible for the sporulation process as in helminth eggs (Molan et al. 2003) . Jones et al. (1994) suggested that CT may penetrate the cell wall of bacteria and cause a loss of intracellular components. In the present study, the CT from pine bark may penetrate the wall of the oocyst and damage the cytoplasm (sporont) as evidenced by the appearance of abnormal sporocysts in oocysts exposed to 500 and 1000 μg PBE/ml but not in those recovered from the control incubations or from incubations containing 250 μg PBE/ml. It is now necessary to test the viability and infectivity of PBE-treated coccidian oocysts and this will be the objective of a further study by our group.
